We outline a new low-energy supersymmetry scenario, compatible with all cosmological and phenomenological requirements, where the lightest SUSY particles (LSPs) are a bino-like neutralino and a quasi degenerate gluino. The interplay of the bino nature of the lightest neutralino and of gluino coannihilations yields a relic abundance in the correct range for the LSP to be the main cold dark matter constituent. We show that the gluino is the strongest possible coannihilating partner of a bino-like LSP in the general MSSM, allowing the determination of an absolute upper bound on the mass of a stable, bino-like lightest neutralino. We point out that this scenario may arise in supergravity inspired frameworks with non-universalities both in the gaugino and in the Higgs sector.
Introduction
Supersymmetric models with a stable lightest supersymmetric particle (LSP) have been shown to be strongly constrained by requiring that the relic abundance of the LSP falls within the upper bound on the dark matter density provided by cosmological observations [1] . The leading supersymmetric particle candidate for dark matter is generally considered to be the lightest neutralino [2] . Demanding that the relic abundance of neutralinos falls in the correct range amounts to setting upper bounds on the lightest neutralino mass, and thus on the lowest mass scale of supersymmetric particles. In this respect, at the dawn of the LHC era, it is of the utmost importance to explore the largest possible range of low-energy realizations of supersymmetry (SUSY) compatible with a supersymmetric dark matter scenario.
The relic abundance of neutralinos is set by two features of the SUSY spectrum: first, the composition of the neutralino in terms of its gauge eigenstates (bino B, wino W and Higgsino H), and, second, the possible presence of peculiar mass spectrum realizations (as the approximate mass degeneracy of other SUSY particles, giving rise to coannihilation effects [3] , or the occurrence of resonant neutralino annihilations through s-channel heavy Higgs-exchange [4] ). In particular, if the neutralino is wino-(or higgsino-) like, the effect of a large annihilation cross section and the presence of chargino (and of next-to-lightest neutralino) coannihilations drive the relic density to relatively low values. On the other hand, a bino-like LSP tends to have an excessive relic abundance. Higgsinos or winos may be the main dark matter constituents only if either one invokes non-thermal production [5] or modifications to the standard cosmological scenario [6] , or if the lightest neutralino is heavy, killing, in this latter case, any hope of detecting SUSY at the LHC 1 [7, 8] . As regards a bino-like LSP, as it is the case in many popular frameworks, e.g. in most of the minimal supergravity (mSUGRA) parameter space, the over-production of relic neutralinos must be compensated, outside a strongly constrained low-masses bulk region, by the mentioned coannihilation or resonance effects.
Since the discovery of coannihilation processes [3] , many dedicated studies considered a rather wide plethora of coannihilating partners: the lightest stau [9] (e.g. in mSUGRA at low m 0 and A 0 ), the lightest stop [10] (again in mSUGRA, at large A 0 ), the lightest chargino [7, 11] (when the LSP is wino-or higgsino-like, chargino coannihilations are always present; this takes place, for instance, in the focus point region of mSUGRA, or in models with non-universal gaugino masses), the next-to-lightest neutralino (e.g. for higgsino-like LSP), and the lightest sneutrinos [12, 13] and bottom squarks [13] .
In the present note we address the possibility that the coannihilating partner of the LSP is the gluino (GC, Gluino Coannihilation, Model). The low-energy condition for having gluino coannihilation processes is that m χ ≃ m 3 ≡ m g . Being a strongly interacting particle, we expect in particular gluino-gluino annihilations to be greatly effective in reducing the LSP relic abundance. In view of what we outlined above, if the LSP is to be the main dark matter component, this scenario will be of interest provided that the lightest neutralino is bino-like, which we will then require throughout the present work.
The main results we will present in the remainder of the paper are:
1. The gluino is a phenomenologically perfectly viable coannihilating partner; the required mass spectrum is found, for instance, within mSUGRA-inspired models with non-universalities in the gaugino and in the Higgs sector.
2. Gluino coannihilations are the strongest possible bino coannihilation processes in the general MSSM.
3. The mass range for a bino-like lightest neutralino, in the presence of gluino coannihilations, extends in the multi-TeV region; in the light of point 2., the maximal bino mass in the general MSSM is precisely found in the gluino coannihilation region we describe in the present note.
In what follows we will detail and motivate these results, and we will further comment about dark matter detection perspectives for the model under investigation.
The Model
The Gluino Coannihilation (GC) model we propose is defined as any realization of the minimal supersymmetric extension of the standard model (MSSM) satisfying the conditions
where m i are the gaugino soft breaking masses at the low energy scale, and m susy stands for all other SUSY particle masses (or, equivalently, the relevant entries of the scalar soft breaking mass matrices, see below). The condition m 1 ≪ m 2 , |µ| is required in order to ensure the bino dominance in the LSP, and thus to avoid excessive LSP-LSP annihilations in the Early Universe. On the other hand, possible further coannihilations with other sfermion partners would not greatly affect our conclusions 2 , so that m susy may also lie close to m 1 ≃ m 3 .
Let us mention that in previous studies gluino-bino processes were considered within low gaugino mass models [14, 15] . There, however, the coannihilating partner was not the gluino, but rather the R 0 gluon-gluino hadronic bound state. Furthermore, since gaugino masses were radiatively induced in the absence of dimension-3 SUSY breaking operators, the mass range of the models was limited to the GeV region [15] . Therefore, the whole phenomenological setup was largely different from the one we describe here.
In a supergravity mediated SUSY breaking scenario, the occurrence of a GC scenario is subject to the requirement of non-universality in the gaugino sector [16] , since in a gaugino mass unification setup m 1 /m 3 ∼ 0.1. Nevertheless, resorting only to non-universal gaugino masses (NUGM), and requiring a low value for M 3 (where M i are the high energy values of the gaugino masses, i.e. at M GUT ≃ 2 · 10 16 GeV), implies, through the electroweak symmetry breaking conditions, a low value for |µ|, in contrast with eq. (1). This in turn dictates that the lightest neutralino is higgsino-like (we numerically explicitly verified that it is not possible to obtain a bino-like LSP with a quasi degenerate gluino only with NUGM). In order to get a bino-like neutralino and a light gluino, one needs a larger value of |µ|. Since |µ| depends, besides M i , also on the high-energy up and down scalar Higgs mass entries M H u,d , relaxing the assumption that M H u,d are universal (non-universal Higgs masses, NUHM, [12] ), one can obtain larger values for |µ|. In order to maximize |µ|, and thus to satisfy the bino dominance condition m 1 ≪ µ, one is forced to require low values for M H u,d .
We explicitly checked that setting M H u,d = 0, and enforcing M 3 = 0.15 · M 1 , opens, for any tan β, a wide window in r 2 ≡ M 2 /M 1 for which the LSP is a bino with a purity larger than 98%. In particular, we find that 0.5 r 2 1.2, where the lower limit comes from the requirement that m 2 ≫ m 1 and the upper limit from |µ| ≫ m 1 . We therefore conclude that the GC model is compatible with a supergravity inspired framework encompassed with NUGM and NUHM.
We emphasize that although the above SUGRA-motivated construction may seem rather "fine-tuned", the spirit of the present work is to assess the consequences of the particular low-energy SUSY realization where gluinos and binos are nearly degenerate, which due to theoretical biases has been up to now largely overlooked.
In what follows we will study the parameter space of the GC Model using as parame- largely irrelevant to the following analysis: in this respect we fixed µ > 0, tan β = 30 (when not otherwise specified), A i = 0, and any imaginary phase is set to zero. The numerical study is performed through the most recent versions of the packages micrOMEGAs [17] and DarkSUSY [18] , as respectively pertains the relic density computations and the dark matter detection rates 3 . Changing the parameter a slightly affects the computation of the relic density, since it varies the masses of the SUSY particles exchanged in the tree-level (co-)annihilation processes, but it leaves our analysis and our conclusions absolutely unchanged.
In fig. 1 we show, in the m 1 , m 3 − m 1 m 1 plane, the parameter space of the GC scenario. The region shaded in green corresponds to a value of the relic density compatible with the WMAP result Ω CDM h 2 = 0.1126
−0.0181 [1] . Below the green strip the relic density is over-suppressed. We show in this region isolevel curves corresponding to Ωh 2 = 0.01 , 0.001. The cyan area to the left signals a gluino below the accelerator direct search exclusion limits 4 (m g 195 GeV) [19] , while a negative mass splitting (red shaded region to the bottom) yields a stable gluino LSP, which is ruled out by experiments on anomalously heavy isotopes [20] .
As expected, along the allowed region, the larger the neutralino mass, the smaller the mass splitting which ensures the needed relic density suppression. Notice that the neutralino, which is bino-like, can be as heavy as m χ ∼ 3.3 TeV without entering in conflict with the constraint on the relic abundance. We recall that in mSUGRA models the upper bound on the mass of a bino-like neutralino is found to be m χ 600 GeV [21] . 
Gluino (Co-)annihilations
When the gluino is quasi-degenerate with the neutralino there are three sets of processes that contribute to the evaluation of the neutralino relic density: a) The usual neutralinoneutralino (χχ) annihilations. b) The neutralino-gluino (χ g) coannihilations. c) The gluino-gluino ( g g) annihilations. In fig. 3 we show the relative contribution to the effective cross section which determines Ωh 2 of these three channels as a function of the gluino mass splitting ∆m g . As seen in fig. 3 , the g g process dominates at small mass differences, whereas the χχ process dominates at larger ones. The transition between these two regimes takes place at ∆m g ≈ 23%. Remarkably, the χ g coannihilations play only a minor role and never contribute more than 1.5%, as shown in the blown up region. This fact is a very peculiar feature of gluino coannihilations. For all other possible coannihilating partners in the MSSM there is always a region, at moderate mass splittings (∆m ≈ 10-20%), where coannihilations (in the strict sense) are the dominant processes. Table 1 shows the different final states of χ g coannihilations and of g g annihilations, as well as their relative importance. χ g coannihilations are tan β dependent, and are investigated for tan β = 50 in (a) and tan β = 5 in (b). Notice that the tt channel, due to the large top Yukawa coupling, always gives the largest contribution. The bb channel, on the other hand, is very sensitive to the value of tan β, approaching the tt contribution at large tan β. As expected, the results for the first and second generations are identical.
Let us stress that, in view of the gluino-gluino dominance shown in fig. 3 , the inclusion of quark Yukawa couplings is largely irrelevant in the present scenario.
Since g g annihilations are driven by strong interactions, they do not depend on tan β. In (c), the possible final states for the g g annihilations are shown. Notice that the purely gluonic g-g final state gives the lion's share of the effective annihilation cross section. The other final states are quark-antiquark pairs, and all of them give the same contribution. 
Comparing the Efficiency of Coannihilations in the MSSM
In this section we show that the gluino is the strongest possible coannihilating partner of a bino-like neutralino within the MSSM. In order to single out the coannihilation effects, we define ∆Ω as the difference between the relic density obtained without taking into account coannihilation processes and the overall relic density (∆Ω = Ω without coan. − Ω) [11] . We show in fig. 4 a plot of ∆Ω/Ω as a function of ∆m for all possible coannihilating particles in the MSSM
In order to single out only coannihilating effects, we fixed all masses of non-coannihilating super-partners to be three times the neutralino mass 6 . The figure shows how coannihilation effects are Boltzmannsuppressed by a factor which scales as ∼ e −∆m/T . It is clearly seen in the plot that gluino coannihilations are always the most effective ones. For instance, if ∆m = 5%, neglecting coannihilations would amount to an error in the computation of the relic density of about 10% for sleptons, 100% for squarks and χ ±,0 , and 1000% for the gluino. The stated result implies that the cosmological upper bound on the bino mass we derived in fig. 1 (m χ 3.3 TeV) is an absolute upper bound 7 : in fact, adding further coannihilating partners would only increase the final relic abundance, due to the presence of extra new effective degrees of freedom, carrying less efficient annihilation amplitudes. The possible occurrence of an s-channel resonance, moreover, would neither affect our conclusions, since, as clear from fig. 3 , the bino relic abundance is fixed, at ∆m g ≃ 0, only by gluino-gluino annihilations. We also checked that in the so called "A-pole funnel" the bino (i.e. an LSP with a bino purity larger than 98%) upper bound is always weaker than what we quote here, for any SUSY spectrum and any value of tan β. Finally, we remark that in this section we always considered first generation sfermions, but we numerically checked that our conclusions do not change if third generation sfermions are taken into account (i.e., the effect of large Yukawa couplings only slightly enhances sfermion coannihilations, but the hierarchy shown in fig. 3 is not altered).
Dark Matter Detection
The detection of dark matter through direct scattering on nucleons or through the detection of neutralino annihilation products from the Sun, the center of the Earth or from the center of the Galactic Halo is a rich and rapidly evolving field of research [2] . Analyzing models which could provide the correct dark matter content, as it is the present case, forces therefore to draw some conclusions on dark matter detection perspectives.
The GC scenario does not provide any significant enhancement neither in direct nor in indirect detection, since a light gluino does not affect the relevant interaction cross sections. Henceforth, our results mainly coincide with that of a SUSY model with a binolike LSP and a heavy SUSY particle spectrum, with the additional possibility of having a heavy LSP, even in the multi-TeV region. Since both direct and indirect detection rates [23] .
are typically suppressed with growing LSP masses (unless peculiar cancellation mechanisms apply [22] ), we expect that dark matter detection in the GC scenario will not offer particularly rich perspectives.
We plot in fig. 5 the neutralino-proton spin-independent cross section for the whole allowed parameter space shown in fig. 1 . Since the gluino does not enter in the game, the parameter space shrinks into a very narrow strip, and the only relevant variable is the neutralino mass. The resulting scattering cross section is compared in the figure against the current and planned experimental sensitivities, computed with a standard iso-thermal profile for the dark matter halo [23] . Only future experiments will be able to probe the low-mass range of the GC model (m χ 300 GeV), whose scattering cross section lies more than three orders of magnitude below the current experimental limits.
As regards indirect dark matter detection, we checked that in one of the most promising indirect channels, the detection of neutrinos from the decay of muons produced in neutralino annihilations captured in the center of the Sun or of the Earth, the expected flux lies, in the low neutralino mass range, at least four orders of magnitude below the planned sensitivity of future neutrino telescopes [24] .
Conclusions
In this paper we studied a low energy realization of the MSSM featuring a bino-like lightest neutralino and a quasi degenerate gluino. This model has been shown to be cosmologically and phenomenologically viable, and its parameter space has been identified. We highlighted the importance and the implications of gluino (co-)annihilation processes with a bino LSP: the LSP mass range allowed by cosmological bounds widens into the multiTeV region; gluino-gluino annihilations always over-dominate gluino-bino coannihilations, contrary to any other coannihilation process; the gluino is found to be the strongest possible coannihilating partner of a bino-like lightest neutralino in the MSSM; direct dark matter detection rates fall within the reach of future facilities only in the low-mass range of the model (m χ 300 GeV).
Finally, we expect that, in the present framework, a light gluino could enhance the LHC reach as a function of the LSP mass, compared with other SUSY models [8] . A detailed study of the detection perspectives of the GC model at the future CERN collider would be of great interest, but lies however beyond the scope of the present analysis.
